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In Sn,P,S¢ ferroelectric under compression, the second-order
phase transition line is observed down to the tricritical point as
the transition temperature decreases to 250 K. A tricriticality at
a similar temperature is also revealed in the mixed crystals on
S— Se substitution. For the mixed crystals with Sn—Pb sub-
stitution, ultrasound, hypersound, and low-frequency dielectric
studies also show heterophase features appearing on decrease
of the ferroelectric transition temperature below a so-called

1 Introduction Sn,P,S, crystal is a uniaxial ferroelec-
tric with a three-well local potential for order-parameter fluc-
tuations [1]. This potential can be related to Blume—Emery—
Griffiths (BEG) model for analysis of systems with 0 and
41 pseudospin [2—4]. Such a model predicts the possibility
of a tricritical point (TCP) in state diagrams where a line
of second-order phase transitions (PT) is transformed into a
first-order transition line. This point can be observed as the
transition temperature decreases due to pressure or by vari-
ation of chemical composition. In addition to the first-order
transition line, at least metastable paraelectric and ferroelec-
tric states are also predicted [3]. Moreover, the phase diagram
could also be complicated, for example, by quadrupole-state
occurrences [4].

In mixed crystals, random bond and random field defects
can strongly affect the phase diagram that is predicted by the
BEG model. The TCP coordinates can be shifted and a seg-
ment of the formerly known first-order transition line can be
observed as continuous transitions [5]. In the vicinity of the
TCP polarization, anisotropy decreases because of the free-
energy surface flattening [6], which confirms the influence
of disorder factors in mixed crystals. In addition, regions of
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“waterline temperature” near 250 K. Such behavior agrees with
the Blume—-Emery—Griffiths (BEG) model appropriate for the
ferroelectric system under investigation with a three-well lo-
cal potential for the order parameter fluctuations. The BEG
model modified by the random-field phase diagram in the vicin-
ity of the tricritical point qualitatively explains the influence of
the cationic substitution on the (Pb,Sn;_,),P,S¢ ferroelectric
properties.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dipole glass or ferroglass regions can appear in the phase
diagram [7].

Under compression, the second-order ferroelectric tran-
sition in Sn,P,S¢ obviously changes its character to the first
order at p &~ 0.4GPa and T =~ 250K, as follows from the
analysis of the ultrasound-temperature anomalies [8]. Neu-
tron diffraction data show [9] that under a pressure of 0.6 GPa,
the tricritical pointis reached in the temperature—pressure fer-
roelectric phase diagram. High-resolution X-ray diffraction
temperature measurements at different pressures also clearly
demonstrate the first-order character of the ferroelectric tran-
sition in Sn,P,S; crystals under a pressure of 1.2 GPa where
the transition temperature decreases to 110K [10].

On S— Se substitution in Sn,P,(Se,S;_,)s mixed crys-
tals, the TCP on the phase diagram is located at x &~ 0.6 and
T ~ 240K [11]. Here, the TCP is a virtual one because the
incommensurate phase appears at x > x;p & (.28 (xp is the
Lifshitz point coordinate) [12].

The three-well potential in Sn,P,S, crystals is related to
the stereoactivity of Sn** cation 5s* electron lone pairs [1].
With substitution of sulfur by selenium, the covalence of the
chemical bonds increases and results in a weaker intercell
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interaction at a basically similar form of the local three-well
potential, the temperature of the ferroelectric transition being
decreased. Under compression, the chemical-bond ionicity
increases and the stereoactivity of Sn>* cations weakens. This
fact determines the strong transformation of the local three-
well potential—the side wells become flatter, which naturally
reduces the temperature of the ferroelectric transition and
helps reduce the TCP to near 250 K.

It is interesting to elucidate the evolution of the fer-
roelectric transition with substitution of tin by lead in
(Pb,Sn,_,),P,S¢ mixed crystals. In the case of PbTiO; crystal,
the stereoactivity of the Pb 6s” electron lone pair together with
the covalence of the Ti—O bonds determines the strongest fer-
roelectricity in the family of oxide perovskites. However, the
energy distance between the Pb 6s orbitals and the S 3p or-
bitals in chalcogenide materials is larger in comparison with
the distance to the energy levels of O 2p orbitals in PbTiO;.
Hence naturally, the stereoactivity of double-charged lead
cations in chalcogenides is expected to be weaker than in
the oxide case, and it can also be smaller compared to the
tin cation stereoactivity. For Pb,P,S¢, the paraelectric state
can be stable down to the lowest temperatures. In the first
structural study [13], the P2,/c space group was reported
for Pb,P,S¢ crystals, but later an acentric Pn structure at
room temperature was proposed [14]. Experimental pyro-
electric and piezoelectric studies support the former conclu-
sion about the centrosymmetric structure of Pb,P,S¢ crystal at
room temperature [15]. Also, Raman scattering spectroscopy
shows an increase of the Pb,P,S; lattice anharmonicity with
cooling: the frequency of the lowest-energy optical phonon
slightly decreases on temperature decrease [15]. This finding
can be interpreted as a possibility of a virtual or very-low-
temperature ferroelectric phase transition in Pb,P,S¢ crystal.
Consequently, Pb** cations obviously have some “residual”
stereoactivity in the Pb,P,Sy lattice.

In (Pb,Sn;_,),P,S¢ mixed crystals, with increasing lead
concentration the ferroelectric transition temperature goes
down to 4.2K at y = 0.61 [15]. Besides, low-temperature
ferroelectric ordering or possibly dipole glass states were
evidenced at y > (.61 by dielectric studies [16]. As a whole,
(Pb,Sn,_,),P,S¢ mixed crystals present a good possibility
for a dipole-ordering study in a system that can be described
within the BEG model with random fields. In crystals of the
Sn,P,S¢ family, metal cations are located in general posi-
tions, substitution of tin by lead breaks down the inversion
symmetry of the unit cell and induces randomly distributed
electric dipoles.

In the present paper, we present low-frequency dielec-
tric, ultrasound, and hypersound Brillouin scattering studies
of (Pb,Sn,_,),P,S¢ mixed crystals that give evidence for the
TCP being reached at y > 0.2 and coexistence of phases in
the temperature—composition (7—y) phase diagram. The ob-
tained experimental data are compared with the BEG model
that predicts obligatory transformation of the second-order
phase transitions into the first-order ones on the transition-
temperature decrease and smearing of some segment of the
first-order transition line under the random field influence [5].
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Figure 1 Phase-transition temperature vs. volume fraction of lead
atoms in (Pb,Sn;_,),P,Ss mixed crystal (P: paraelectric phase, F:
ferroelectric phase). The temperature positions of two dielectric and
ultrasound anomalies are shown for the y = 0.3 and y = 0.45 com-
positions. For the y = 0.45 composition, the range of the tempera-
ture hysteresis and possible phase coexistence is shown by triangles.
For the compositions with y = 0.53, 0.61, and 0.66, the positions of
the dielectric anomalies are shown according to the data of Ref. [16].

2 Experimental Dielectric susceptibility was investi-
gated by a Goodwill LCR-815 at a frequency of 10* Hz with
a temperature variation rate of 0.1 K min~!. The investigated
samples were prepared as plates with 5 x 5 x 3 mm® dimen-
sions with silver paste electrodes on the largest (001) faces
that were nearly normal to the spontaneous polarization di-
rection.

The Brillouin scattering spectra were studied using a He—
Ne laser and a pressure-scanned three-pass Fabry—Perot in-
terferometer with the sharpness of 35 and the free spectral
range of 2.51 cm™!. The scattered light in the Y (X X)Y geom-
etry was collected from the bulk of the investigated samples.
The samples were placed in a UTREX cryostat, in which
the temperature was stabilized with an accuracy of about
0.3K [18].

The measurements of the longitudinal ultrasonic velocity
and attenuation were performed using a computer-controlled
pulse-echo equipment [19]. The precision of the relative ve-
locity measurements was better than 107, The temperature
stabilization was better than 0.02 K. The sample was care-
fully polished to have precisely parallel faces normal to the
Y-axis. Silicone oil was used as an acoustic bond for the lon-
gitudinal ultrasonic waves. The measurements were carried
out at 10 MHz frequency using piezoelectric LiNbOj; trans-
ducers. Vapor-transport technology was used for the growth
of (Pb,Sn,_,),P,Se single crystals. For the samples prepared,
the Cartesian axes X and Y coincide with [100] and [010]
crystallographic directions.

The dielectric susceptibility, ultrasound, and hypersound
velocity temperature anomalies were used to determine
the compositional dependence of the ferroelectric phase-
transition temperature for (Pb,Sn,_,),P,S¢ mixed crystals.
These data together with previously obtained results are
shown in Fig. 1. With increasing lead concentration to y =
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Figure 2 Temperature dependence of the real part of dielectric sus-
ceptibility at 10* Hz on cooling (blue lines) and heating (red lines)
for (Pb,Sn;_,)>P»S¢ mixed crystals with y =0-1; 0.1 - 2; 0.2
—3; 0.3 -4;0.45 - 5. The temperature hysteresis for different y is
shown in the insets.

0.2, the temperature of the second-order phase transition 7
decreases to about 248 K (Figs. 2 and 3). At y = 0.2, the
ferroelectric transition obviously changes its character to the
first order, which can be seen from the transformation of the
low-frequency dielectric susceptibility temperature anoma-
lies (Fig. 2). For the sample with y = 0.3, the anomalies of
the real and imaginary parts of dielectric susceptibility be-
come broader and have a clear temperature hysteresis. For
these compositions, the temperature dependence of dielec-
tric losses is smeared into ferroelectric phase. For y = 0.45,
the dielectric losses have the highest value near the first-
order phase transition and their temperature dependence has
a shape of an almost symmetric maximum (Fig. 3).

The temperature dependence of reciprocal dielectric sus-
ceptibility (Fig. 4) for pure Sn,P,Ss compound demonstrates
the ratio of slopes in the ferroelectric and paraelectric phases
near 4, which shows proximity to the tricritical point. For the
mixed crystals, the slopes are almost equal and cannot be de-
scribed by a simple picture of a continuous phase transition.
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Figure 3 Temperature dependence of the imaginary part of dielec-

tric susceptibility on cooling at 10* Hz for (Pb,Sn;_,),P,S¢ mixed
crystals withy =0-1; 0.1 -2; 0.2 -3;0.3-4;0.45-5.
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Figure 4 Temperature dependence of the reciprocal real part of
dielectric susceptibility on cooling at 10* Hz for (Pb,Sn;_,),P>Ss
mixed crystals with y =0-1; 0.1 —2;0.2-3; 0.3 -4; 0.45-5.

For the samples with y = 0.1 and 0.2, the temperature
dependence of the ultrasound attenuation is similar to the
one expected from the Landau-Khalatnikov model for
second-order phase transitions—it is seen as an asymmetric
peak with maximal values near 6¢cm™', and with temper-
ature widths (at 3cm™! level) near 2 and 4 K, respectively
(Fig. 10). For the increased content of lead, in the mixed crys-
tal with y = 0.3, the ultrasound anomalies are qualitatively
changed—here an additional inflection appears at the step of
the sound velocity (Fig. 5a) and the attenuation temperature
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Figure 5 Temperature dependences of ultrasound velocity (a) and

attenuation (b) on cooling (blue solid lines) and heating (red dotted
lines) in the phase-transition region for a (Pbg3Sng7),P,>S¢ crystal.
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Figure 6 Temperature dependences of ultrasound velocity (a) and
attenuation (b) at cooling (blue solid symbols) and heating (red
open symbols) in the phase transition region for (Pbg 45Sng s5)>P>S¢
crystals.

maximum is smeared into both the paraelectric and ferro-
electric phases (Fig. 5b). One can suppose that the first-order
transition occurs already for the y = 0.3 composition and
the phase coexistence leads to a complication of the sound-
velocity anomaly and smearing of the attenuation maximum.

For the y = 0.45 mixed crystal, the temperature hystere-
sis of the dielectric susceptibility and the sound velocity
is clearly observed (Fig. 2, Fig. 6) which is related to the
first-order character of the ferroelectric phase transition near
132 K. For the ultrasound velocity and attenuation anomalies,
the temperature hysteresis equals about 10 K. In the heating
mode, the temperature dependences of the sound velocity
and attenuation have anomalous smearing into the paraelec-
tric phase within an interval of above 10 K. The temperature
maximum of attenuation is 10 cm™' on cooling and 11 cm™
on heating. In both regimes, this maximum has the temper-
ature width of about 30 K. A broader temperature hystere-
sis of the ultrasound anomalies at 10’ Hz (Fig. 6) compared
with the temperature hysteresis of the dielectric anomalies
(10*Hz) (Fig. 2) can be related to the transformation of the
distribution of relaxation times that is determined by spatial
inhomogeneity of spontaneous polarization.

Using the Landau theory of second-order PT, one can de-
scribe the sound-velocity and attenuation anomalies. For the
case of a one-component order parameter and its interaction
with strain, the thermodynamical potential can be presented

www.pss-b.com

the order parameter dynamics, as supposed in the Landau—
Khalatnikov model [20], the following expressions for the
temperature dependence of the sound velocity and attenua-
tion can be obtained:
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Analysis of the temperature dependence of the longitu-
dinal sound velocity propagating along the [010] direction
in (Pb,Sn,_,),P,S¢ crystals (Figs. 7 and 9) was performed
using Eq. (2) with the values of the coefficients 8 and y for
the thermodynamic potential of Eq. (1) shown in Fig. 11. It
should be noted that the o coefficient is almost independent
of concentration and its value is about 1 x 10°JmC2K™!
and 1.25 x 10°Jm C~2K~! from hypersound and ultrasound
experiments, respectively. It was found that for all composi-
tions at the description of the hypersound velocity anomalies,
the electrostriction characteristics ¢, = 3.4 x 10°JTmC—2
and 715 = 0.1 x 10'°Nm?C~? can be used. For fitting of
the ultrasound velocity anomalies, the values g, = 3.2 x
10°JmC~? and ry;p = 6.6 x 10" N m? C~? were used. The
temperature dependence of the relaxation time is character-
ized by the values of the 1, coefficient that are also shown in
Fig. 11.

The ultrasound and hypersound attenuation calculated
by Eq. (3) for the ferroelectric phase (Figs. 8 and 10) for all
compositions of mixed crystals are higher than the experi-
mentally observed attenuation data. This overestimation can
be corrected by taking account of several relaxation times and
mode Gruneisen coefficients. These coefficients are more ap-
propriate as the interaction parameters than the electrostric-
tive coefficients, as was earlier discussed in details for pure
Sn,P,S¢ crystals [21]. On cooling in ferroelectric phase, ad-
ditional sound attenuation by domain walls can be observed
as well [21].

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7 Temperature dependences of hypersound velocity for (Pb,Sn;_,),P,Se crystals (symbols) and fitting of their anomalies (lines)
by the Landau—Khalatnikov model (Eq. (2)): (a) y = 0; (b) y = 0.2; (c) y = 0.3; (d) y = 0.45.
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Figure 8 Temperature dependences of hypersound attenuation for (Pb,Sn;_,),P,S¢ crystals (symbols) and their fitting of anomalies
(lines) by the Landau—Khalatnikov model (Eq. (3)): (a) y =0; (b) y =0.2; (¢) y = 0.3; (d) y = 0.45.
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Figure 9 Temperature dependences of ultrasound velocity for
(Pb,Sn;_,),P,Ss crystals (black symbols) and fitting of their
anomalies (red lines) by the Landau—Khalatnikov model (Eq. (2)):
1-y=0.12-y=0.2;3-y=0.3;4-y =0.45.

3 Discussion The anomalous growth of the hyper-
sound attenuation at 10° Hz for the y = 0.3 composition
(Fig. 8) can be related to sufficiently small and fast het-
erophase fluctuations in the vicinity of the first-order fer-
roelectric phase transition. For the y = 0.45 sample, the het-
erophase fluctuations become more extended and slower and
are involved in the relaxation processes at lower frequencies
which is demonstrated by the strong growth of the dielectric
losses at 10* Hz (Fig. 3) and the ultrasound attenuation at
107 Hz (Fig. 10).

In addition, the relaxation time increase with substitution
of tin by lead substitution (Fig. 11) is obviously related to
strongly anharmonic order parameter dynamics in the local
three-well potential for phase transitions near the TCP, which
is achieved between y = 0.2 and 0.3 at the temperature of
about 240 K.

The TCP location in the 7—P diagram for Sn,P,S¢ , in
the T—x diagram for Sn,P,(Se,S,_,)s , and in the T—y di-
agram for (Pb,Sn,_,),P,S¢ mixed crystals are compared in
Fig. 13. For Sn,P,S¢ crystal, the TCP is obviously located at
P 2 0.4GPaand T < 250K [8], for Sn,P,(Se,S,_,)s solid
solutions the virtual TCP (inside the incommensurate phase)

2,0

150 200 250 300
Temperature (K)

100

Figure 10 Temperature dependences of ultrasound attenuation for
(Pb,Sn;_,),P,Ss crystals (black symbols) and fitting of their
anomalies (red lines) by the Landau—Khalatnikov model (Eq. (3)):
1-y=0.1;2-y=0.2;3-y=0.3;4-y=0.45.
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Figure 11 Compositional dependences of 8 and y coefficients (the
top panel) of the thermodynamic potential (Eq. (1)) and prefactor
7o (the bottom panel) from the temperature dependence of the re-
laxation time obtained from the analysis of the temperature anoma-
lies of the ultrasound (open symbols) and hypersound (solid sym-

bols) velocities and attenuation in the Landau—Khalatnikov model
(Egs. (2) and (3)).
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was predicted tobe placedatx =~ 0.6and T ~ 240K [11, 12].
It is intriguing that for (Pb,Sn,_,),P,Ss mixed crystals, the
TCP can also be placed at a similar temperature—near 240 K
aty > 0.2.

For the diluted BEG model, a segment of the for-
mer firs-order transition line (just below the TCP in the
ideal system) becomes a disorder-induced continuous tran-
sition line (Fig. 12) [3,5]. However, with further shift of
the phase-transition point down to lower temperatures, a
clear first-order transition nature is revealed. Traditional
mean-field analysis of the compositional dependence of
the thermodynamic potential coefficients, performed for
Sn,P,(Se,S;_,)¢ mixed crystals [11, 12], can be complicated
for (Pb,Sn,_,),P,Ss solutions. Indeed, in the latter case the
compositional dependence of the coefficients is nonlinear.

As has been shown earlier [22,23] by the analysis of
the temperature dependences of the Sn,P,Seq crystals heat
capacity, dielectric susceptibility, and wave number of mod-
ulation across the incommensurate phase for Sn,P,(Se,S;_,)s
crystal, higher-order (eighth and tenth) invariants in the Lan-
dau expansion should be taken into consideration. Such non-
linearity is related to the presence of the three-well local po-
tential. Evidently, these higher-order invariants or the linear
temperature dependence of the y coefficient [23] can be taken
into account for better fitting of the temperature anomalies of
the sound velocity in (Pb,Sn,_,),P,S¢ crystals and avoiding

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 12 Effect of randomness on the phase diagram with a tri-
critical point: (a) Phase diagram of a nonrandom system [3] with
paraelectric (P), ferroelectric (F), metastable paraelectric (MP), and
metastable ferroelectric (MF) phases. Dashed and solid lines in-
dicate the second- and first-order transitions, respectively. Dotted
lines show boundaries of the metastable paraelectric and ferroelec-
tric phases. (b) Phase diagram of a random system [5]. Dashed line
indicates the second-order transition, dotted lines denote the bound-
aries of a paraelectric and ferroelectric phase coexistence.

the nonmonotonous dependence of the 8 and y coefficients
on the lead concentration (Fig. 11).

The observed location of the TCPs at the same tempera-
ture level (“the waterline temperature”) for different mechan-
ical or chemical impacts (on compression of Sn,P,Ss and at
S— Se or Sn— Pb substitution) (Fig. 13) can be explained in
the following way. On substitution of sulfur by selenium, in-
tercell interaction becomes weaker as a result of the stronger
covalence of the chemical bonds [24,25], but the stereoac-
tivity of the Sn** cations and the form of the local potential
obviously remain almost unchanged. These factors, mostly
the intercell interaction weakening, determine the second-
order PT temperature decrease until the TCP is reached.

For pure Sn,P,S, crystal under pressure, the Sn** cations
stereoactivity decreases, which reduces the depth of the side
wells in the local three-well potential. Due to this factor, at
almost unchanged intercell interaction, the second-order PT
temperature goes down until the TCP “waterline tempera-
ture” and a first-order ferroelectric transition line appears in
the T—P diagram.

On the substitution of tin by lead, the sublattice of
rather strongly stereoactive Sn>* cations is diluted by weakly
stereoactive Pb?* cations, which also have bigger ionic ra-
dius. In addition to the dilution effect, the ionicity of the Sn—S

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 13 Open symbols (left) show the pressure dependence
of the phase-transition temperature in Sn,P,S¢ crystal based
on neutron diffraction [9] and X-ray diffraction [10] data. Solid
symbols (center) denote the compositional dependence of the
phase-transition temperature in Sn,P,(Se,S_,)s crystals with an
intermediate incommensurate phase at x > 0.28 [11,12]. Com-
positional dependence of the phase-transition temperature of
(PbySn;_,),P>S¢ crystals is shown by dotted symbols (right; see
Fig. 1 for details). The horizontal-shaded bar shows the “waterline
temperature” that coincides with the tricritical point positions in
the T—P, T—x, and T—y diagrams.

chemical bonds increases [24] and the stereoactivity of the
remaining Sn*" cations decreases. The combined influence
of the intercell interaction strengthening and the decrease of
the stereoactivity of the two cation sublattices determines
the decrease of the second-order ferroelectric PT tempera-
ture down to the above-mentioned “waterline temperature”
of the TCPs.

For pure Sn,P,S; lattice compression, the observed 7—
P phase diagram can be related to the one predicted by the
BEG model [2—4]. With substitution of sulfur by selenium,
the random field defects can appear but their influence is
smoothed: no smearing of very sharp critical anomalies at
the phase transitions was observed in the Sn,P,(Se,S;_,)s
mixed crystals [26]. This is evidently related to the con-
tinuous spatial distribution of the electronic density in the
[P,S(Se)s]*~ anionic groups. Evidently, for these mixed crys-
tals the BEG model can be appropriate in combination with
the known ANNNI model [27, 28] that explains the frustra-
tion effects and intermediate incommensurate phase appear-
ance at x > x;p ~ 0.28 [15].

For the case of substitution of tin by lead, strong random-
field defects appear due to hybridization of different elec-
tronic orbitals around the Sn>* and Pb** cations. Such a
complicated situation can be described by comparing the ex-
perimentally built 7—y diagram with the diagram predicted
by the diluted BEG model [5].

4 Conclusions For ferroelectric systems, this is the
first confirmation of the most important conclusion of the
BEG model on the mandatory change of a second-order
phase transition into a first-order one (i.e., a TCP should
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be achieved) as the transition temperature decreases to a
certain value. Such transformation of the phase-transition
character is related to the temperature evolution of the free-
energy functional in the case of the three-well potential en-
ergy profile in the crystals of the Sn,P,S¢ family, which could
be varied by hydrostatic compression or by composition of
Sn,P,(Se,S,_,)s or (Pb,Sn,_,),P,S¢ mixed crystals. Under
compression, the temperature of the second-order transition
from the paraelectric to the ferroelectric phase decreases: be-
low 250K and between 0.4 and 0.6 GPa, the tricritical pint
was observed experimentally in Sn,P,S, crystals [8, 10]. At
a similar temperature level, or near the “waterline temper-
ature” of 250K, the TCP is revealed for the paraelectric—
ferroelectric transition in the Sn,P,(Se,S,_,)s mixed crystal
with selenium content x ~ 0.6 [11, 12]. From hypersound,
ultrasound, and dielectric studies of (Pb,Sn,_,),P,Ss mixed
crystals, it was found that the TCP can also be achieved as the
phase-transition temperature decreases to the “waterline tem-
perature” as the lead concentration increases above y = 0.2.
At higher lead content, a broad temperature hysteresis of
the phase transitions as well as coexistence of phases are
observed. (Pb,Sn;_,),P,S¢ mixed crystals represent a disor-
dered ferroelectric system that can be described by the BEG
model with random fields.
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